Dihydrosphingosine C4 hydroxylase is a key enzyme in the biosynthesis of phytosphingosine, a major constituent of sphingolipids in plants and yeasts. The rice genome contains five homologue genes for dihydrosphingosine C4 hydroxylase, DSH1-DSH5, whose gene products show high degrees of homology to the yeast counterpart, SUR2. Among them, expression of DSH1, DSH2 and DSH4 was detected, and DSH1 and DSH4 complement the yeast sur2 mutation. The DSH1 gene was specifically and abundantly expressed in vascular bundles and apical meristems. In particular, very strong expression was detected in the stigmas of flowers. Repression of DSH1 expression by the antisense gene or RNA interference (RNAi) resulted in a severe reduction of fertility. In the transformants in which DSH1 expression was suppressed, significantly increased expression of DSH2 was found in leaves but not in pistils, suggesting that there was tissue-specific correlation between DSH1 and DSH2 expression. Our results indicate that the product of DSH1 may be involved in plant viability or reproductive processes, and that the phenotype of sterility is apparently caused by loss of function of DSH1 in the stigma. It is also suggested that there is a complex mechanism controlling the tissue-specific expression of the DSH1 gene.
Introduction
Sphingolipids, a class of lipids derived from the aliphatic amino alcohol sphingosine, are ubiquitous constituents of eukaryotic cells that also occur in a few prokaryotes (Lynch and Dunn 2004) . The biosynthesis of sphingolipids starts with the condensation of L-serine and palmitoyl-CoA to form 3-ketosphinganine (Buede et al. 1991 ). 3-Ketosphinganine is then converted to dihydrosphingosine (DHS) by NADPHdependent reduction at the C3 position (Beeler et al. 1998) . DHS and its derivatives are composed of sphingoid long-chain bases (LCBs) (Lynch and Dunn 2004) .
Components of the different types of LCBs have been reported and their distributions vary depending on the species in which they are found (Fig. 1) . The composition of LCBs is divided into three main types: mammalian, yeast and plant (Merrill and Jones 1990 , Dickson 1998 , Lynch and Dunn 2004 . In mammals, sphingolipids mainly occur as ceramide, derived from N-acylation of DHS, with a longchain fatty acid ranging from 14 to 26 carbons in length, and a double bond that forms at the C4-C5 position (Stoffel et al. 1974 , Michel et al. 1997 . In yeast, most DHS is hydroxylated at the C4 position and converted to 4-hydroxysphinganine, also known as phytosphingosine (PHS) (Dickson 1998 , Wright et al. 2003 . In plants, a proportion of PHS is further modified by desaturation at the C8-C9 position following PHS synthesis, as occurs in yeast (Laine and Renkonen 1973 , Morrison 1973 , Sperling et al. 1998 . Plant ceramide (phytoceramide) is composed of these compounds, as well as the mammalian-type ceramide (Lynch and Dunn 2004) .
The biological roles of sphingolipids have been partly clarified. Part of ceramide, phytoceramide, and their derivatives are degraded by ceramidase (Mao et al. 2000) , and then phosphorylated by sphingosine kinase to form sphingosine-1-phosphate or related compounds (Crowther and Lynch 1997 , Nishiura et al. 2000 , Spiegel and Milstien 2003 . Sphingosine-1-phosphate acts as an intracellular signaling molecule that functions in cell growth, differentiation, survival, senescence and stomatal aperture, as well as apoptosis and stress responses (Spiegel and Merrill 1996 , Hannun 1996 , Mathias et al. 1998 , Ng et al. 2001 , Coursol et al. 2003 , Perry and Kolesnick 2003 . The balance of ceramide and LCBs is tightly connected to programmed cell death (Brandwagt et al. 2000 , Spassieva et al. 2002 . However, the biological roles of PHS and its derivatives remain unclear.
Dihydrosphingosine C4 hydroxylase (DSH) catalyzes hydration of the C4 position of DHS and acyl-sphinganine to produce PHS and phytoceramide, respectively (Haak et al. 1997 , Grilley et al. 1998 . The activity of DSH is believed to define the DHS/PHS balance of the sphingoid bases in yeast and plant sphingolipids (Haak et al. 1997, Sperling and Heinz 2003) . Therefore, DSH is considered a key enzyme in PHS synthesis, although DSH (SUR2) activity is not essential for the growth of Saccharomyces cerevisiae (Haak et al. 1997 , Grilley et al. 1998 . Two Arabidopsis DSH genes have been reported that complement the yeast SUR2 gene function (Sperling et al. 2001 ). However, no physiological functions and roles in planta have been reported.
We have investigated the genes that are comprehensively expressed in rice phloem. To achieve this, we have isolated phloem cells using the laser-capture microdissection method, extracted RNAs and constructed a cDNA library (Asano et al. 2002) . Clones were randomly picked from the library and sequenced, and some of them were predicted to encode homologs to known proteins (Asano et al. 2002) . Among them, we found a cDNA that showed similarity to the yeast SUR2 gene. Here, we report evidence showing the physiological significance of rice DSH genes and tissuespecific regulation of DSH gene expression required for the fertility and viability of seeds.
Results

Rice has five DSH genes
Among the cDNA clones in the library prepared from dissected rice phloem tissues, about 120 cDNA clones appeared to be predominantly expressed in vascular tissues (Asano et al. 2002) . When the expression patterns of these clones were determined by in situ RNA hybridization, a gene that showed specific expression in vascular tissues was found ( Fig. 2A) . The corresponding full-length cDNA was found in an expressed sequence tag (EST) clone, and partial nucleotide sequences of both ends have been reported (accession Nos. AU173530 and AU173531). This cDNA contained an open reading frame (ORF) encoding an entire protein composed of 264 amino acid residues that showed homology to yeast SUR2, i.e. it is involved in sphingolipid biosynthesis by catalyzing the hydroxylation of DHS at the C4 position and converting it to PHS. The identified gene may encode a rice homolog of yeast DSH, and was termed rice DSH1.
To identify other SUR2 homolog genes in the rice genome, we carried out BLAST analysis and found four homolog genes: DSH2 (accession No. AP005133), DSH3 (accession No. AP004325), DSH4 (accession Fig. 1 Schematic representation of sphingolipid biosynthesis. This scheme shows the representative pathway of plant, yeast and animal sphingolipid biosynthesis. Dihydrosphingosine C4 hydroxylase (DSH) catalyzes the conversion of acyl-sphinganines to phytoceramides as well as the conversion of dihydrosphingosine (DHS) to phytosphingosine (PHS). Dihydroceramide is included in the acyl-sphinganines. As an alternative pathway, stearoylCoA and L-serine are also converted in sphingolipid biosynthesis to form C 20 -type long-chain bases (LCBs). In this pathway, d20:0, C 20 -sphinganine, and t20:0, C 20 -phytosphinganine, are generated instead of DHS and PHS, respectively. Desaturated LCBs, such as t18:1, were detected in the modified phytoceramide. R: different fatty acid residues of the ceramide or phytoceramide structure.
No. AP004306) and DSH5 (accession No. AP003294). These five DSH genes were mapped on different loci of the genome. Among them, DSH1 (accession No. AK241878), DSH2 (accession No. AK103058), and DSH4 (accession No. AK070893) have been added to the rice expression database (KOME, http://cdna01.dna.affrc.go.jp/cDNA/). Transcripts for DSH1, DSH2 and DSH4 were detected in shoots and roots of 2-week-old plants, panicles and developing seeds by reverse transcriptase-mediated realtime quantitative PCR (real-time RT-PCR) (Fig. 3A) . However, no transcripts of DSH3 and DSH5 were detected in any organs examined (data not shown).
The structures of the five DSH genes were compared. DSH1 was composed of three exons with two introns. The other four genes consisted of two exons and they had similar structures with identical splicing sites in the coding regions (Fig. 3B, C) . The nucleotide sequence of the coding region of DSH1 and the corresponding regions of each of the other genes were similar (82% similarity with DSH2, 66% similarity with DSH3, 66% similarity with DSH4 and 55% similarity with DSH5), and the deduced amino acid sequence of the proteins that these genes encoded also showed a high degree of homology to DSH1 (91% similarity with DSH2, 70% with DSH3, 80% with DSH4 and 65% with DSH5). These rice DSH proteins conserved the di-iron (Fe-O-Fe) cluster, which is composed of eight histidine residues and has been found widely in enzymes involved in the modification of fatty acids (Fig. 3C ). The eight histidine residues are the divalent metal-binding motifs by which two molecules of Fe ions are bound (Shanklin and Cahoon 1998, Somerville et al. 2000) . This cluster is essential to the enzyme activity of yeast SUR2 (IdkowiakBaldys et al. 2003) . The N-terminal regions of these DSH homologs showed low homology with DSH1 compared with other regions.
The phylogenetic tree indicates that all members of the rice DSH family can be categorized in the cluster of sphingolipid C4 hydroxylases, in which yeast SUR2 and the Arabidopsis SUR2 orthologs, T6C232.16 and F14L17.5, are included (Fig. 3D ).
Rice DSH1 complements the yeast sur2 mutation
To determine the functional identity of the rice DSH genes for dihydrosphingosine C4 hydroxylase, a complementation test was performed using the yeast sur2 mutant. The S. cerevisiae mutant, which has a disruption in the SUR2 gene, was found as a resistant mutant to syringomycin E (Grilley et al. 1998) , an antifungal material produced by Pseudomonas syringae (Cliften et al. 1996) . This mutant does not produce PHS, which is predominantly found in the wild-type yeast, suggesting that SUR2 is required for the hydroxylation of ceramide (Haak et al. 1997) , and that the 4-hydroxyl group of sphingolipids is necessary for syringomycin E action on yeast (Grilley et al. 1998) .
Because the phenotype of the sur2 mutation can be determined by the acquisition of tolerance to syringomycin E (Grilley et al. 1998) , we analyzed the tolerance to syringomycin E in the transformants of the sur2 mutant harboring DSH1, DSH2 or DSH4. We confirmed the expression of the corresponding transgenes in these transformants by real-time RT-PCR (data not shown). Longitudinal section of a mature root from a 3-week-old plant probed with DIG-labeled single-stranded antisense RNA of DSH1 and (G) a longitudinal section of a mature root from a 3-week-old plant probed with DIG-labeled single-stranded sense RNA of DSH1. Xy, xylem; Ph, phloem; SAM, shoot apical meristem; ML, mature leaf; YL, young leaf; TB, tiller bud; RAM, root apical meristem; RC, root crown; VB, vascular bundle. Bars indicate corresponding sizes. .16 and rice DSH1-DSH5. Gaps were introduced to optimize the homology. The number of amino acid residues is indicated on the right-hand side. Conserved histidine residues in the di-iron cluster are shown by reversed letters. An arrowhead indicates the position corresponding to the predicted splicing site on the mRNAs for DSHs. (D) Phylogenetic tree of some enzymes involved in lipid modification, including sphingolipid C4 hydroxylase, sterol C5 desaturase, methyl sterol C4 oxidase and cholesterol 25 hydroxylase, in which the conserved histidine residues as the di-iron center are contained. Bootstrap values shown at nodes were obtained from 5,000 trials, and branch lengths correspond to the divergence of sequences, as indicated by the relative scale. Protein names and their origins are shown on the figure. DSH1-DSH5, corresponding rice DHSs; SUR2,dihydrosphingosine C4 hydroxylase; ERG3, sterol C5 desaturase; ERG25, methyl sterol C4 oxidase; CH25H, cholesterol 25 hydroxylase.
As shown in Fig. 4 , the sur2 mutation was restored by the introduction of DSH1 or DSH4 because an obvious reduction of resistance to syringomycin E was indicated. However, DSH2 did not complement the sur2 mutation.
Restoration of the sur2 mutation was confirmed by detection of the production of phytosphingosine and its derivatives. In agreement with a previous report (Grilley et al. 1998 ), C 20 -sphinganine and DHS were detected in the sur2 mutant. The mutant harboring DSH1 or DSH4 produced PHS in addition to C 20 -sphinganine and DHS, although the generation of C 20 -phytosphinganine (t20:0) was not determined by this system. A relatively lower amount of PHS was detected in the mutant transformed with DSH1 compared with the mutant transformed with DSH4 (Fig. 5 ). However, a small increase in the amount of PHS was found in the mutant containing DSH2 (Fig. 5C ). These results show that the yeast sur2 mutation was complemented by DSH1 or DSH4; however, this did not occur or occurred infrequently with DSH2. The results also suggest that DSH1 and DSH4 probably function as a DSH in yeast.
Tissue specificity of rice DSH1 gene expression
We analyzed the expression of DSH1 in detail. As shown in Fig. 2 , in situ RNA hybridization revealed that DSH1 was preferentially expressed in shoots and root tips, as well as in vascular tissues. These results support that this gene is constitutively expressed, as was shown by real-time RT-PCR (Fig. 3A) ; however, they also indicate that a peculiar and tissue-specific gene expression occurs in these organs.
To investigate further the expression pattern of DSH1, we constructed a reporter gene in which a 1.5 kb fragment upstream of the translation initiation site for DSH1 was inserted followed by the b-glucuronidase (GUS) gene, and generated transgenic plants.
In the rice transformants, GUS activity was detected in leaves, roots, stems and panicles (Fig. 6 ). These observations were comparable with the results provided by in situ RNA hybridization and real-time RT-PCR (Figs. 2, 3A) . However, the intensity of GUS activity differed depending on the tissues. In seedlings grown under dark conditions, DSH1 was abundantly expressed in the coleoptiles and young roots; however, it was less abundant in yellow leaves (Fig. 6A) . In contrast, in seedlings grown under light conditions, DSH1 was strongly expressed in roots and root apical meristems, and moderate expression was detected in the leaves and coleoptiles (Fig. 6B) . In mature leaves, DSH1 was exclusively expressed in the vascular bundles (Fig. 6C) . The expression level was higher in young leaves compared with mature leaves (Fig. 6C, D) . DSH1 was strongly expressed in meristems (Fig. 6E) WT + pYES2 Fig. 4 Expression of DSH1 or DSH4 decreases tolerance to syringomycin E in a yeast sur2 mutant. The sur2 mutants harboring rice DSH1, DSH2, DSH4 or pYES2 (control) and wild-type plants were grown on YNB agar plates (A) or on YNB agar plates containing 4 mg ml À1 syringomycin E (B). Yeast cells were cultured at 308C for 2 d and then diluted to adjust each of their concentrations to 0.3 at OD 600 . A series of cell dilutions were inoculated on the plates and cultured for 2 d at 308C. WT þ pYES2, wild-type yeast harboring pYES2; Ásur2 þ pYES2, sur2 mutant harboring pYES2; Ásur2 þ DSH1, sur2 mutant harboring the DSH1 gene; Ásur2 þ DSH2, sur2 mutant harboring the DSH2 gene; Ásur2 þ DSH4, sur2 mutant harboring the DSH4 gene; -SRE and þ SRE, absence and presence of syringomycin E in the medium, respectively.
plants, DSH1 was expressed in the vascular bundles and root apical meristems (Fig. 6F) . In mature roots, the expression level was lower than in young roots (Fig. 6B) , and very strong expression was detected in young lateral roots (Fig. 6G) . These results indicate that the DSH1 gene is specifically expressed in vascular bundles as well as in apical meristems. In addition, a unique expression pattern of DSH1 was found in the flowers. Extremely abundant expression of DSH1 was revealed in the stigmas, as well as moderate expression in filaments and vascular bundles in Chromatograms of the HPLC of PHS and its derivatives in the transgenic yeast are shown. The scale of each figure is standardized based on the height of d20:0. The amounts of PHS relative to those of d20:0 are shown on the figures. Ásur2, sur2 mutant harboring pYES2; Ásur2 þ DSH1, sur2 mutant harboring the DSH1 gene; Ásur2 þ DSH2, sur2 mutant harboring the DSH2 gene; Ásur2 þ DSH4, sur2 mutant harboring the DSH4 gene. t18:0, PHS; d18:0, DHS; d20:0, C 20 -sphinganine. In this system, DHS (d18:0) and C 20 -phytosphinganine (t20:0), were not separated and they are shown as the combined fraction, as previously reported (Grilley et al. 1998) . pistils and stamens (Fig. 6H) . No expression was found in theca and ovaries (Fig. 6H, I ).
Transgenic plant analysis
To investigate the physiological roles of DSH1, transgenic plants in which the DSH1 gene was overexpressed by the cauliflower mosaic virus (CaMV) 35S promoter were created, and up-regulation of DSH1 expression was confirmed in the transformants (Fig. 7) . Fifteen transformant lines were obtained and these showed normal growth with no phenotypic difference compared with wildtype plants. Among these transformants, the homozygous lines harboring the transgene were selected to establish progeny. These lines maintained sufficient fertility to set many seeds (Fig. 10) .
DSH1 repressed lines were produced by the introduction of the antisense gene driven by the CaMV 35S promoter (Fig. 8A) , and 10 transgenic lines were obtained. Although these transformants showed no apparent morphological changes in the vegetative growth phase, a reduction of fertility was observed (Fig. 10) . Furthermore, the viability of the seeds of the transformants was reduced and many did not germinate. However, several progeny grew and homozygous antisense lines were established. Because these lines also occurred under low fertility, the phenotype for reduced fertility might be inherited with a tight linkage with maintenance of the transgene. In leaves of these transformants, the amount of DSH1 transcript was significantly decreased, whereas DSH2 expression was increased and DSH4 expression was not altered, compared with wild-type plants (Fig. 8B) . To achieve the strong repression of DSH1, transformants containing RNA interference (RNAi) to DSH1 were also created (Fig. 9A) . In these transformants, the DSH1 transcript almost disappeared; however, sufficient expression of other DSH genes occurred. In this case, an apparent increase in DSH2 expression was found in leaves, as observed in the antisense transformants, whereas DSH4 expression was not altered (Fig. 9B) . Phenotypes of these RNAi transformants were similar to those of wildtype plants; however, their average growth rates were slower. The fertility of the RNAi transformants was markedly reduced (Fig. 10) , and most of the few seeds that were obtained did not germinate. Although only a few progeny of the RNAi transformants grew, the transgene was no longer detected in most of them, suggesting that the transgene was eliminated by segregation.
We determined the expression levels of DSH1, DSH2 and DSH4 in pistils of the RNAi transformants. As shown in Fig. 9C , an apparent reduction in DSH1 expression was detected in the RNAi transformants, whereas a large amount of the DSH1 transcript occurred in wild-type plants. In contrast, the expression level of DSH2 in the leaves of the RNAi transformants was not altered and remained low, as detected in wild-type plants. The expression level of DSH4 was not altered in the RNAi transformants compared with wild-type plants. We also analyzed the accumulation of storage starch in the pollen grains of the RNAi transformants by iodine-potassium iodine staining. Most of the pollen grains in the anthers of the transformants had normal shapes, were efficiently stained by iodine and were comparable with the pollen grains of wild-type plants (data not shown). These results showed that the RNAi transformants accumulated a sufficient amount of starch.
Alterations in the contents of representative LCBs were analyzed. Compared with wild-type plants, no apparent alteration in levels of PHS and 4-hydroxy-8-sphingenine (t18:1), a major derivative of PHS, was observed in the overexpressing lines and the antisense lines (Table 1) ; however, a slight decrease in DHS accumulation was observed in the antisense lines (Table 1) . These results suggest that the introduced transgenes, for overexpression and for repression, may contribute slightly to changes in the PHS/DHS ratio of transformants.
Discussion
A cDNA for rice DSH1 was isolated from the phloemspecific cDNA library. The DSH1 gene is a homolog of yeast SUR2 because it complements the yeast sur2 null mutant (Fig. 4) . This suggests that rice DSH1 has a similar function to yeast SUR2 in vivo. In addition, DSH1 has the motif of the di-iron (Fe-O-Fe) cluster consisting of eight histidine residues that are conserved in yeast SUR2, as well as fatty acid modification enzymes, such as fatty acid desaturase and hydroxylase (Shanklin and Cahoon 1998) . These results indicate that DSH1 encodes a DSH in rice.
There are five DSH genes in the rice genome. Among them, the transcripts from three genes, DSH1, DSH2 and DSH4, were detected. It was also shown that DSH1 and DSH4 complemented the yeast sur2 mutation and that DSH4 restored the yeast sur2 mutation more efficiently than DSH1 (Figs. 4, 5) . It is likely that these DSH genes have divergent functions in planta. Rice DSH1, DSH2 and DSH4 might have different substrate specificities from those of DHS, acyl-sphinganine or even complex sphingolipids. DSH4 would be the pivotal enzyme for phytoceramide biosynthesis, as is likely for yeast DSH. Tissue-specific expression of these genes may enable them to achieve their specific functions. Expression of the DSH3 and DSH5 genes was not detected. There might be temporal and spatial regulation of expression of these genes. From phylogenetic analysis, DSH3 and DSH5 are classified in the same cluster, suggesting that they might have similar characteristics if they were expressed.
In this work, we found that DSH1 was expressed in a tissue-specific manner in vascular bundles, the root apical meristems and shoots (Figs. 2, 3A, 6 ). This result is compatible with its transcript being obtained from the phloem-specific cDNA library. Although none of the functions of PHS or phytoceramide has been reported in vascular bundles, there may still be some function of these materials in such tissues.
Strong expression of the DSH1 gene was detected in the stigmas of flowers, and also in vascular bundles and stamen filaments in flowers; however, it was not detected in thecae (Fig. 6) . The transgenic plants, in which DSH1 expression was repressed by the antisense gene or RNAi, showed a severe reduction in fertility or were otherwise sterile (Fig. 10) . Such transformants showed no visible changes in the morphology of stamens and pistils compared with wild-type plants. A sufficient amount of starch accumulated in pollen grains of the RNAi transformants, which were normal in shape. These properties may indicate the viability of pollen grains of the RNAi transformants, and the event of sterility may not be caused by male sterility.
In leaves of the antisense lines and RNAi transformants, DSH1 expression was strongly reduced, and DSH2 expression was obviously increased, whereas DSH4 expression was not altered (Figs. 8 and 9 ). Although it was very difficult to determine whether the expression level of DSH2 increased in accordance with a decrease of DSH1 in the transformants, there is some relationship between the expression of DSH1 and DSH2 genes. It seems that DSH2 may compensate for the decreased expression of DSH1. The deduced amino acid sequence of DSH2 has a 91% similarity to that of DSH1, suggesting that they might have a similar function in vivo, although there was a great difference between DSH1 and DSH2 in the complementation test using the yeast sur2 mutant (Figs. 4, 5) .
Reduced production of PHS and 4-hydroxy-8-sphingenine, as well as DHS, was not observed in leaves of the transformants in which the DSH1 gene was either overexpressed or repressed (Table 1) . Plant tissues produce more than eight species of LCBs (Sperling and Heinz 2003) . Although we could not determine the amount of other LCBs, it was presumed that the contents of these LCBs were slightly altered in leaves of the transformants. As described, these transformants retained the expression of other DSHs along with increased DSH2 expression. Therefore, DSH2 may complement the ability to produce PHS.
In contrast, DSH2 expression was not enhanced in pistils of the RNAi transformants (Fig. 9C) . Tissue-specific expression of DSH1 may be involved in the level of PHS or in unidentified substances important for reproductive processes in the stigma. In this case, DSH2 may not be able to compensate for the large decrease in DSH1 expression. Otherwise, the event of sterility may be ascribed to the different functions between DSH1 and DSH2. This suggests that the sterility of transformants can be ascribed to the loss of DSH1 function in the stigmas, where DSH1 may play important roles. Although it is unclear whether DSH1 may be directly involved in pollination, we suggest that sphingolipids or their derivatives are required for fertilization in rice.
Two genes for DSH have been reported in Arabidopsis (Sperling et al. 2001) . To date, no DSH gene showing tissuespecific expression has been reported in plants. In contrast, tissue-specific expression has been reported for the human C4-hydroxylase gene hDES2 (Mizutani et al. 2004 ). We have found that rice DSH1 is specifically and abundantly expressed in vascular bundles, apical meristems and stigmas of rice. Therefore, we consider that rice DSH1 is a unique gene with a spatial expression pattern. The products of DSH1 may be involved in plant viability or reproductive processes in appropriate tissues where DSH1 localizes, such as vascular tissues and stigmas. That three of five DSH genes are expressed in rice suggests that the individual genes may have diverged and acquired special functions.
Materials and Methods
Plant materials and growth conditions
Oryza sativa L. cv. Nipponbare was used as the wild-type plant. Seeds were germinated at 308C in a dark chamber, and seedlings were grown under continuous light conditions (13 mmol m À1 s
À1
) for 3 d. Rice plants were cultivated in a growth chamber with 80% humidity under a long day condition, with a cycle of 14 h light (308C) (270 mmol m À1 s
) and 10 h dark (258C). Mature leaves, flowers and seeds were obtained from plants grown in pots under open-air conditions. cDNA clones, genomic DNA and plasmid construction EST clones and full-length cDNAs were obtained from the NIAS DNA Bank of the National Institute of Agrobiological Science of Japan. Rice genomic DNA fragments of the corresponding gene were amplified by PCR from genomic DNA, which was prepared from leaves by the method using cetyltrimethylammonium bromide (Murray and Tompson 1980) . The nucleotide sequences of the amplified fragments were determined. Construction of plasmids and the transformation of Escherichia Rice DSH1 involved in fertilitycoli were carried out according to established methods (Ausubel et al. 1984) .
Bioinformatic tools
Genomic information on the gene was cited at the websites INE (http://rgp.dna.affrc.go.jp/giot/INE.html) and DDBJ (http:// www.ddbj.nig.ac.jp/). The rice EST database was searched using the tBLASTn program to identify the cDNA clone. Alignment of the amino acid sequence was performed using CLUSTAL W (http://www.ddbj.nig.ac.jp/search/clustalw-e.html). Phylogenetic analyses of the aligned full-length sequences was conducted with MEGA 2.1 (Kumer et al. 2001 ) using the neighbor-joining algorithm. Pairwise deletion was used for handing of sequence gaps, and 5,000 bootstrap replicates were performed.
Yeast transformation and complementation test
An S. cerevisiae sur2Á (BY4741; MATa; his3Á1; leu2Á0; met15Á0; ura3Á0; YDR264c::kanMX4) and the wild type of SUR2 (BY4741; MATa; his3Á1; leu2Á0; met15Á0; ura3Á0) were obtained from EURO-Scarf (http://www.uni-frankfurt.de/fb15/ mikro/eurosarf/). The regions containing the ORF of DSH1, DSH2 and DSH4 were amplified from the cDNAs using the primers 5 and 5 0 -GG GAATTCCTAGTCTCGCAGTGGTC-3 0 for DSH4, respectively. They were then inserted into the multicloning site following the GAL1 promoter of the plasmid pYES2 (Invitrogen, Carlsbad, CA, USA). As the negative control, the empty plasmid, pYES2, was used. Transformation of yeast cells was performed using the lithium acetate/polyethylene glycol-mediated method (Gietz and Woods 2002) .
Complementation of DSH1, DSH2 or DSH4 to the yeast sur2 mutation was determined by the strength of resistance of the transformants to syringomycin E, which was kindly supplied by Dr. J. Takemoto. Yeast cells were transformed by the plasmid containing each of DSH1, DSH2 and DSH4, respectively. They were cultured for 2 d at 308C in yeast nitrogen base (YNB) medium lacking uracil (Difco, Detroit, MI, USA) supplemented with galactose for expression of the gene introduced into the plasmid. The cultured cell suspension was diluted with YNB medium to adjust its concentration to OD 600 ¼ 0.3, and then portioned to a series of 1 : 2 dilutions ranging from 1 : 2 to 1 : 32. Each aliquot (2 ml) was inoculated onto YNB plates containing galactose, but excluding uracil, in which 4 mg ml À1 (3.2 mM) syringomycin E was supplemented as required. Cells were then grown at 308C for 2 d.
Analysis of contents of the LCBs in yeast cells
Yeast cells grown at 308C with shaking for 2 d in the YNB medium lacking uracil were harvested. Amounts of LCBs were determined according to Idkowiak-Baldys et al. (2003) with the following modification: lipids in the cells were hydrolyzed by adding 1 N HCl in methanol/water (82 : 18, v/v) and incubating at 808C for 20 h. After neutralization with 0.05 N NaOH, released sphingoid bases were extracted with chloroform, dried, and derivatized with UV-absorbing 4-biphenylcarbonylchloride (Sigma, St Louis, MO, USA). The resultant materials were analyzed by reverse-phase HPLC on a 4.6 mm Â 25 cm C-18 column (Nacalai tesque, Kyoto, Japan). LCBs were eluted with the following gradient profile: 88% methanol, 5 min, 88-93% methanol linearly, 30 min, 93-95% methanol linearly, 5 min, 95% methanol, 5 min, 95-88% methanol linearly, 5 min, 88% methanol, 5 min. The effluent was monitored by absorbance at 280 nm.
RNA isolation
Total RNA was prepared as follows. Each rice tissue was ground to a fine powder in liquid nitrogen using an Auto-SK-mill machine (Tokken Inc., Kashiwa, Japan). Total RNA was obtained from this powder using the RNeasy RNA purification kit (QIAGEN, Valencia, CA, USA).
RNA quantification by real-time quantitative RT-PCR
First-strand cDNA was synthesized from 1 mg of the total RNA using a ReverTra-Ace cDNA synthesis kit (TOYOBO, Osaka, Japan) with an oligo(dT) 20 primer. Real-time quantitative PCR was then performed with the ABI PRISM 7000 (Applied Biosystems, Foster City, CA, USA) in a reaction mixture containing aliquots of cDNA, PCR master mix (SYBR Green real time PCR Master Mix; TOYOBO, Osaka, Japan) and gene-specific primer pairs as follows. The amplification protocol comprised an initial denaturation at 948C for 2 min followed by 40 cycles of 948C for 20 s and 608C for 1 min. Relative quantification of the amount of DSH1, DSH2 and DSH4 transcripts was performed in relation to the level of respective Actin1 (Accession No. X16280) transcripts. Primers used for the real-time RT-PCR were designed to amplify a 50-150 bp fragment, 5 0 -CCCTCCTGAAAGGA AGTACAGTGT-3 0 and 5 0 -GTCCGAAGAATTAGAAGCATT TCC-3 0 for Actin1; 5 0 -CAGCTCTATGGCAACAAGTACAA CTT-3 0 and 5 0 -GCGCCTCGAATCCACCTCC-3 0 for DSH1; 5 0 -CTCGTCCAGCAGGCCTTC-3 0 and 5 0 -ACTGCCATGTAT CCATAACGAACAT-3 0 for DSH2; and 5 0 -TCGTCGCCATG ATCCTCTTC-3 0 and 5 0 -TGTTGTGAATGGATATGCCGA-3 0 for DSH4, respectively. A primer set, 5 0 -TCCGCATTGC TTCGCTATAAGTA-3 0 and 5 00 -CCTTTGTTTGATTCTTGTG CTGC-3 0 , was also used for the DSH1 transcripts in the antisense transformants. Data were analyzed with ABI PRISM 7000 SDS software (Applied Biosystems, Foster City, CA, USA).
In situ RNA hybridization
The 289 bp fragment of DSH1 cDNA was obtained by PCR using a primer set of 5 0 -CAGCTCTATGGCAACAAGTA CAACTT-3 0 and 5 0 -GCGCCTCGAATCCACCTCC-3 0 , and subsequently inserted into pBluescript II KS(-) (TOYOBO, Osaka, Japan). Riboprobes were prepared by in vitro transcription using T7 (for a sense probe) or T3 (for an antisense probe) RNA polymerase with a digoxigenin RNA labeling kit (Roche Diagnostics, Basel, Switzerland). Tissues subjected to in situ hybridization were fixed by 4% (w/v) paraformaldehyde and 0.25% (v/v) glutaraldehyde in 50 mM sodium phosphate buffer (pH 7.2), dehydrated by ethanol and tert-butanol, and then embedded in Paraplast Plus (Oxford Labware, St Louis, MO, USA). Microtome sections (10 mm thickness) were mounted on glass slides coated with 3-aminopropyltriethoxysilane in advance. Hybridization to the riboprobes and its immunological detection were carried out according to the method described in Kouchi and Hata (1993) .
Construction of the plasmids for overexpression or repression of DSH1
To prepare the transgenic lines in which the DSH1 gene was overexpressed, cDNA containing the entire ORF region was amplified using the primers 5 0 -GAAGGAGATCTGGAGTGTCT-3 0 and 5 0 -CTTCTACTGAATTCCAACA-3 0 , in which the BglII and EcoRI sites were contained. Amplified fragments were then inserted into pCR2.1 (Invitrogen, Carlsbad, CA, USA). The resultant plasmid, pCR-OsDSH1, was digested with BglII and EcoRI, and then the generated fragment was introduced into the BglII and EcoRI sites of pCAMBIA1301M. pCAMBIA1301M was a modified plasmid of pCAMBIA1301 (CAMBIA, Canberra, Australia) in which the BglII, EcoRI and BamHI cloning sites were generated following the CaMV 35S promoter. To construct the antisense gene for DSH1, the BglII-and EcoRI-digested fragment from pCR-OsDSH1 was introduced into pCAMBIA1301M digested by BamHI and EcoRI. This generated a plasmid in which the antisense DSH1 gene was driven by the CaMV 35S promoter. For the antisense gene, the entire ORF region was used.
The plasmid harboring the RNAi for DSH1 was constructed using pHellsgate8 vector (Helliwell et al. 2002) , which was provided by CSIRO, Australia. pHellsgate8 was modified by introduction of the recombination site of the Gateway system at the cloning site of the RNAi gene. The fragment for the recombination site of the Gateway system was purchased from Invitrogen. The 289 bp cDNA fragment corresponding to the 5 0 -untranslated region was amplified by PCR using the primers 5 0 -CACCTTCCTCGAGTGCGTCTC-3 0 and 5 0 -CTCTCAAGACA CTCCAAATCTC-3 0 , and inserted into pENRY-D-TOPO (Invitrogen, Carlsbad, CA, USA) by the TOPO reaction. The resultant plasmid was used for construction of the RNAi plasmid of DSH1 by LR clonase (Invitrogen, Carlsbad, CA, USA) using modified pHellsgate8. Constructed plasmids were used for plant transformation.
Plant transformation
Rice transformants were obtained by an Agrobacteriummediated method (Hiei et al. 1994) . Transgenic rice plants were grown in a growth chamber under the same conditions as for the wild-type plants, and detection of the introduced gene in the regenerated plants was determined by PCR. To select transgenic lines, plants were cultured on 1/2 MS plates (Murashige and Skoog 1962) supplemented with 50 mg l À1 hygromycin B (Wako Pure Chemicals, Osaka, Japan) or 50 mg l À1 G418 (Calbiochem, San Diego, CA, USA) as required.
Determination of LCBs in transgenic plants
Approximately 1 g fresh weight of leaves from 5-week-old rice plants were ground in liquid nitrogen. Amounts of LCBs were determined according to Cahoon and Lynch (1991) with the following modifications: the disrupted plant tissues were heated at 1108C for 24 h in a mixture of 4 ml of dioxane and 4 ml of 10% (w/ v) aqueous barium hydroxide. After hydrolysis, 2 ml of 2% (w/v) ammonium sulfate was added, followed by extraction with 2 ml of diethylether. The solvent fraction was dried under nitrogen, then derivatized with UV-absorbing 4-biphenylcarbonylchloride (Sigma, St Louis, MO, USA). Resultant materials were analyzed by reverse-phase HPLC on a 4.6 mm Â 25 cm C-18 column (Nacalai tesque, Kyoto, Japan). LCBs were eluted with the following gradient profile: 80% methanol, 7 min, 80-90% methanol linearly, 8 min, 90% methanol, 20 min, 90-100% methanol linearly, 5 min, 100% methanol, 3 min, 100-80% methanol linearly, 2 min, 80% methanol, 5 min. The effluent was monitored by absorbance at 280 nm. D-Erythro-C 20 -sphingosine, which was kindly supplied by S. Horito, was added as an internal standard.
Reporter assay of the DSH1 promoter using the GUS gene
The putative promoter region of the DSH1 gene was obtained by PCR from rice genomic DNA. For this experiment, a 1.5 kb DNA fragment upstream from the translation initiation site was amplified using primers 5 0 -TGCCATTTGTGAATTCCAA GTTGT-3 0 and 5 0 -TGCCGAGCAGATCTTCGGACACCG-3 0 . The amplified fragment was inserted into pCAMBIA1301 to be followed by the GUS gene. The resultant plasmid was introduced into rice callus by an Agrobacterium-mediated method (Hiei et al. 1994) . Hygromycin-resistant transformants were selected and grown in a growth chamber under the same conditions as for the wild-type plants. GUS enzyme activity in each section of the transformant was analyzed by staining using a reaction buffer containing 1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-b-glucuronide), 50 mM sodium phosphate buffer (pH 7.0), 5% (v/v) methanol and 0.1% (v/v) Triton X-100 after incubation for 16 h according to Jefferson et al. (1987) .
Iodine-potassium iodine staining of pollen grains
Pollen grains was stained with 1% iodine-potassium iodine solution according to the method as described (Zhu et al. 2004) . Pollen grains were collected from a flower on a slide grass by gently rubbing the anthers.
